This study was undertaken to better understand the governing processes and reaction conditions under which NO x is produced in Waste to Energy (WtE) boilers. A three dimensional CFD model was created and calculated using the GRI 3.0, 50 species, 309 step detailed chemical kinetic model (DCKM) for methane/ethane combustion. Model results for primary NO x emissions and other pollutants agree well with collected data, proving the fidelity of the model. NO was the primary pollutant accounting for approximately 99% of the total NO x emissions. Fuel bound nitrogen was found to be the main source of NO produced in the boiler with thermal and prompt mechanisms having lesser impacts. Three principal intermediates were identified in the formation of NO; NH, HNO, and NCO. The assumption of fuel nitrogen conversion to either NH 3 or HCN is an unknown parameter that was shown to have a small impact on NO emissions, indicating that this is an area that should not be explored further in this continuing study. Furthermore, varying the boiler pressure had a small impact on final NO emissions, indicating that this is not a condition that should be considered for plant operation. The next phase of this research will include the development of a reduced DCKM in order to expedite the running of new scenarios for future studies as well as optimization of boiler geometry and combustion mixing to achieve the lowest possible NO x emissions.
INTRODUCTION
Waste incineration is a technology commonly employed throughout the world due to its ability to reduce the mass and volume of waste by 70% and 90%, respectively, while also generating electricity. While it remains an effective way to reduce waste diverted to landfills, environmental concerns such as stack emissions are of great importance and under constant scrutiny. As a result, Waste-to-Energy (WtE) facility emissions have been on a steady decline for many years. This reduction has occurred due to both optimization of combustion within the boiler and the introduction of various control technologies.
Of the various pollutants emitted, NO x emissions still pose a significant challenge. Currently, NO x is controlled mostly by Selective NonCatalytic Reduction (SNCR) and is able to meet the federal emission limit of 205 ppmdv and 150 ppmdv (7% O 2 ) for existing and new WTE facilities respectively [1] . Furthermore, there have been various control technologies developed such as the LN™ and VLN™ systems designed by Covanta Energy partnered with Martin GmbH. The VLN™ system draws cool gas from the rear of the waste bed and re-injects it in the upper section of the furnace while also optimizing the ratio between secondary and primary air in order to reduce the formation of NO x and improve combustion efficiency [2] .
While these control technologies are proven to be very effective in plant operations around the world, the details governing the formation and destruction of NO x are not fully understood.
Over the past several years, several CFD models have been built to better understand and optimize the design of WtE systems. Some models were simplified to include only a gaseous, over-bed boundary condition that ignores the solid waste burning on the bed [3] . More complex models simulate the solid waste combustion, burnout, mass reduction, and include fly ash among other phenomena in addition to the gaseous combustion products [4] . In the past, both of these model types generally assumed global reactions that encompassed the entire boiler, mostly ignoring kinetics and instead focusing solely on fluid dynamics. Therefore, they were good at predicting most pollutants, but generally lack the ability to model very intricate and complex kinetics present in the formation of NO x .
Most often, when NO x is of interest, simulations are run which greatly simplify inlet boundary conditions and 
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boiler geometries to one dimensional models which mostly ignore fluid dynamics, mimicking a perfectly stirred reactor (PSR) [5] . In these models, detailed chemical kinetic models (DCKM) models are employed and are excellent at predicting NO x for those particular conditions. Unfortunately, these models do not always translate to real-world systems with three dimensional (3D) flows, interacting secondary and tertiary air as well as highly non-uniform inlet boundary conditions.
In this investigation, the best of both of these modeling procedures are combined in a gas-phase 3D CFD model utilizing detailed a chemical kinetic mechanism (DCKM). In most cases, this type of analysis is rarely if ever performed due to the computational expense and complexity of modeling. In this paper, baseline results will be compared to data for validation after which boundary conditions and process conditions will be modified to quantify their effect on NO x levels. This ongoing research is still in its infancy with a very robust set of initial results. The ultimate goal is to build an idealized boiler based on these findings to lower primary NO x levels. More detailed findings will be presented at the conference proceedings.
EXPERIMENTAL
A gas-phase (3D) CFD model was created of a typical reciprocating-grate WTE furnace in Unigraphics®, meshed in ANSYS® Workbench, and run in Fluent™ 13.0. The hex dominant mesh consists of approximately 800,000 elements and is shown in Figure 1 along with the solid model of the boiler.
FIGURE 1. SOLID MODEL DETAIL AND MESH AT BOILER CENTERLINE
The grate dimensions are approximately 26 x 13ft with a height of about 55ft from the center of the grate to the top wall. Secondary air nozzles are located on both front and rear walls with a single row on the waste inlet wall and two rows on the rear wall, closest to the waste exit. In total, there are a total of 35 secondary air nozzles in the boiler. The primary inlet mass flow rate is approximately 11.9 kg/s and the secondary air mass flow rate is approximately 8 kg/s with each row of nozzles having an equal amount of flow.
The CFD simulation is discretised for mass, momentum, and energy. Turbulence is modeled using the realizable k-ε turbulence model and the pressure/velocity interaction is modeled via the coupled solver.
Species transport and turbulent chemistry interaction are simulated via the Eddy Dissipation Concept model. Chemical reactions are modeled using the GRI 3.0 for methane/ethane combustion which consists of 53 species and 325 reaction steps [6] . The original mechanism was modified to include only 50 species, the maximum allowed in Fluent™, eliminating C 3 H 8 , C 3 H 7 , and argon for a final count of 309 steps.
While the inlet fuel does not contain methane or ethane, the GRI 3.0 for gaseous fuel combustion is widely known to be the one of the most comprehensive and reputable detailed kinetic models available. Additionally, the GRI mechanism not only contains all of the governing combustion reactions but also fully accounts for nitrogen chemistry including thermal, prompt, and fuel bound nitrogen mechanims. These attributes make it an excellent mechanism for modeling combustion and NO x in WtE boilers.
The inlet boundary condition consists of temperature, mass flow rate, and chemical species profile which were provided by Martin Murer of Technische Universität Müchen in partnership with Martin GmbH. These boundary conditions are based on German waste and were developed with CFD modeling validated with test data in Amsterdam [7] . The primary inlet over-bed mass flow and temperature profiles are shown in Figure 2 and 3 respectively. For both of these profiles, the leftmost location corresponds to the waste inlet.
The species profiles considered, but not shown, are made up of H 2 O, CO, CO 2 , O 2 and HCN. Fuel bound nitrogen is assumed to immediately convert into HCN, an assumption that has been widely discussed and validated with data. This assumption and its implications will be discussed in more detail later in the paper. Figure 4 shows temperature and oxygen contours along the boiler centerline which varies slightly across the length of the bed due to variation in the inlet and asymmetry of secondary air nozzles. The temperature contour indicates that the maximum temperature of 2170K occurs above the grate, in the mixing zone of primary and secondary air. It is evident that the secondary air has a large impact on both the combustion and flow direction of the combustion gas, dominating the flow and pushing it towards the front wall. The uneven secondary air distribution of the baseline geometry is obviously a parameter that should be optimized to help this bias.
FIGURE 2. PROFILE OF INLET MASS FLOW RATE (kg/s) FIGURE 3. PROFILE OF INLET TEMPERATURE ( o C) RESULTS AND DISCUSSIONS

GENERAL DISCUSSION
Secondly, contours of CO and NO mole fractions are shown in Figure 5 . The mass weighted average of CO and NO at the boiler exit is approximately 270 ppmdv and 190 ppmdv, respectively, at STP. Uncontrolled NO values are expected to be about 280 ppmdv based on measured data [1] , resulting in a slight discrepancy between model and data, but nonetheless, still a very promising result.
FIGURE 4. CONTOURS OF TEMPERTAURE (K) and O2
(mol/mol)
FIGURE 5. CONTOURS OF CO AND NO (mol/mol)
Previous research and field experience have shown that NO is the primary nitrogen species emission, accounting for about 95% of the total NO x emissions [5] . The CFD model results are consistent with this data with NO accounting for 99% of the total NO x emissions. It is therefore acceptable to only consider NO as the primary species emitted. It is evident based on Figure 5 that the majority of NO is formed in the absence of oxygen on the front wall of the boiler indicating that mixing and oxygen distribution within the boiler may play a large role in the final concentration.
KINETICS & NO x
The true power of utilizing a DCKM is the ability to determine the reaction paths of specific species of interest. In order to determine the most relevant reactions, the volume integrated average rate of all reactions containing NO were tabulated and ranked in order to determine which reactions produced the majority of NO. The top six reactions which have the largest integrated average rate are shown in Equations 1-6 below.
These reactions indicate the importance of three primary NO intermediates: HNO, NH, and NCO. Previous research has also shown the importance of these three intermediates and their interaction with O, N and OH radicals [5] . The rates of these three key intermediates were then investigated in the same manner and traced back to the inlet species boundary condition. The results of this analysis revealed that while multiple paths can result in NO being produced in the boiler, a single dominant path emerged and is shown below in Figure 6 .
FIGURE 6. MOST PREVALENT STEPS FOR NO EMISSIONS
This path shows that fuel bound nitrogen readily converts to HCN, an inlet boundary assumption, which then combines with an O radical, forming NCO. NCO then reacts with an H radical forming NH, which then reacts with water forming NHO and ultimately NO. While the model shows a single dominant set of steps, there are a variety of paths that can occur and lead to the production of NO. Figure 7 illustrates the most important reactions observed in the model by using the ranking method previously discussed. Many of the steps shown are similar to those predicted in previous studies [2] .
FIGURE 7. STEPS FOR NO EMISSIONS
While HCN was found to be the largest contributor to NO, it was also discovered that the thermal or Zeldovich mechanism also played an important role as indicated by Equations 5 and 6. Furthermore, prompt NO, which is not seen in the equations presented in this paper, also contributes to the total NO emitted but do not play as large of a role as fuel or thermal NO.
In a separate study, a case was run utilizing a higher pressure throughout the whole boiler in order to determine the effect on NO emissions. Running the model with a pressure of 5 atm was found to have a very small effect on the final NO emissions.
HCN vs. NH 3
The inlet boundary condition utilized assumes all fuel bound nitrogen readily converts to HCN. Research has indicated that solid fuel containing nitrogen, such as coal or biomass, has two main paths during combustion, NH 3 or HCN. The ratio of NH 3 to HCN depends on a variety of parameters such as O/C ratio of the fuel, heating rate, and various other factors [8] . Studies on waste combustion have been performed both on real-world and idealized systems with mixed results. Furthermore, combustion of waste is a complicated process due to variation in the feedstock, unlike coal or biomass. As a result, boundary conditions may not only vary based on location in the world, but also from day to day and hour to hour based on the contents of the trash and plant operation.
Without conclusive information on the ratio of HCN to NH 3 , a sensitivity study was conducted to determine if altering these values would affect the final NO concentration. With a modified inlet boundary condition containing only NH 3 , the NO concentration increased from the baseline of 190 ppmdv to 199 ppmdv, a small but still significant change. While this change indicates the need for further research in this area, this will not be a condition that will be studied further.
CONCLUSIONS
A 3D gas-phase CFD model was built and run utilizing the GRI-3.0 DCKM with the intent of studying NO x emissions. Model results agree well with test and operational data indicating the fidelity of the model for future studies. Variation of boiler pressure and inlet HCN/NH 3 ratios was shown to have little effect on the final NO concentration, indicating that this will not be an area of further study. Future studies will include optimization of boiler geometry and operating conditions to provide the lowest NO value that can be achieved.
